Occupation as a welder has been associated with a 25%-40% increase in lung cancer risk. This study aims to elucidate to what extent confounding by smoking and asbestos drives this association and to evaluate the role of welding-related exposures such as chromium. The study included 2,197 male incident lung cancer cases and 2,295 controls from Romania, Hungary, Poland, Russia, Slovakia, the Czech Republic, and the United Kingdom from 1998 to 2001. Information on risk factors was collected through face-to-face interviews. Experts assessed exposure to 70 agents, and risk estimates were adjusted for smoking and occupational exposures. Occupation as a welder/flame cutter (prevalence controls: 3.7%) was associated with an odds ratio of 1.36 (95% confidence interval (CI): 1.00, 1.86) after adjustment for smoking and occupational exposures including asbestos. An odds ratio of 1.18 (95% CI: 1.01, 1.38) was found for welding fumes (prevalence controls: 22.8%), increasing to 1.38 for more than 25 exposure years (95% CI: 1.09, 1.75). A duration-response association was also observed for mild steel welding without chromium exposure. In this population, occupational exposure to welding fumes accounted for approximately 4% of lung cancer cases, to which both stainless and mild steel welding contributed equally. Given that welding remains a common task for many workers, exposure to welding fumes represents an important risk factor for lung cancer.
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Occupation as a welder has been associated with a 25%-40% increase in lung cancer risk (1-3), but it remains unclear what exposures are responsible for this elevated risk. During welding, a complex mixture of fumes can develop from the electrode, base metal, shielding gases, fluxes, and surface coatings. Welders can also be exposed to other workplace carcinogens including asbestos, silica, and ionizing radiation. Confounding by smoking may have contributed to the elevated lung cancer risks observed in cohort studies, although excess risks have also been observed for welders in studies that adjusted for smoking (3) . The elevated lung cancer risk may also be due to confounding by asbestos, although elevated risks have also been observed for welders with minimal asbestos exposure (2) (3) (4) . It has been suggested that risk is restricted to welding of stainless steel, which contains carcinogens including hexavalent chromium and nickel (5, 6) , but several studies (1) (2) (3) (4) (7) (8) (9) have also shown excess lung cancer risks in mild steel welders with negligible exposure to chromium and nickel.
Available evidence thus suggests that the elevated lung cancer risk in welders is not exclusively attributable to chromium/ nickel exposure or to uncontrolled confounding. However, few studies have been able to take these different aspects into account simultaneously. Most studies set in specific industries were not able to evaluate the lung cancer risk of welding fumes in a wide range of occupations and industries, nor did they have information on the full occupational history of the study subjects. Also, few studies had reliable cumulative exposure data (e.g., total duration of exposure to welding fumes) and enough study power to examine the dose-response association between welding fumes and lung cancer.
We investigated the association between welding fumes and lung cancer, in a multicenter case-control study in Central and Eastern Europe and the United Kingdom. The study has a large sample size of over 2,000 cases, and it has detailed individual information on smoking, asbestos, and other occupational exposures including chromium and nickel, allowing us to assess how each of these factors contributes to the association between welding fumes and lung cancer.
MATERIALS AND METHODS
The case-control study
The case-control study was conducted during 1998-2001 in 15 centers in 6 Central and Eastern European countries and in Liverpool in the United Kingdom. The 15 participating centers in Central and Eastern Europe were as follows: Bucharest (Romania); Borsod, Heves, Szabolcs, Szolnok, and Budapest (Hungary); Lodz and Warsaw (Poland); Moscow (Russia); Banska Bystrica, Bratislava, and Nitra (Slovakia); and Brno, Olomouc, and Prague (Czech Republic). All centers used a common study protocol. Incident lung cancer cases (age, <75 years) were included, and controls were frequency matched on study area, sex, and age (within 3 years).
In all centers except Warsaw and Liverpool, controls were selected from among hospital patients who had one or more of a list of diseases that excluded malignant neoplasms, diseases of the respiratory system, and any other smokingrelated disease or disorder (defined to include both active smoking and environmental exposure to tobacco smoke). No single diagnostic groups provided more than 10% in each study center. Population controls were recruited in Warsaw and Liverpool by randomly selecting age-and sex-matched subjects from the electronic register of Polish residents and United Kingdom general practitioner registers, respectively. In total, 3,403 cases and 3,670 controls were eligible to participate in the study; 542 (15.9%) eligible cases were not included in the study (27 discharged from hospital before interview, 53 too ill for interview, 13 died before interview, 449 refused), and 552 (15.0%) eligible controls were not included in the study (16 discharged before interview, 21 were too ill, 2 died before interview, 511 refused, and 2 were excluded because of missing data). Written informed consent was obtained from each study participant, and ethical approval was obtained from the relevant institutional review boards.
Face-to-face interviews were conducted by trained interviewers using a questionnaire assessing lifestyle factors and occupations held for more than 1 year. This included questions for each job on welding or gas cutting and if any welding or gas cutting was done near the subject. A specialized questionnaire on welding was administered when the general questionnaire indicated employment as a welder. A total of 17 other specialized questionnaires were also available for subjects who had worked in other occupations or industries. The questionnaires were developed in English in collaboration with industrial hygienists of the participating countries, translated to all local languages, and then backtranslated to ensure that all questions were identically interpreted in all countries.
Exposure assessment
In each study area, a team of experts evaluated for each job the exposure to 70 agents, based on the general questionnaire, the specialized questionnaires, and their own experience in the field. Indices of exposure included 1) the expert's confidence in the presence of the exposure (possible, probable, certain); 2) the frequency of exposure defined as the percentage of working time exposed (1%-5%, >5%-30%, >30%); and 3) intensity of exposure (low, medium, high). The experts were blind to the case or control status of the subjects.
Arc welding fumes were defined as any fumes generated during the joining or cutting of metals using arc welding techniques (a process in which the heat of fusion is obtained by striking an electric arc between an electrode and the metal work piece). Gas welding fumes were defined as any fumes generated during the joining or cutting of metals using gas welding techniques (a process in which the heat of fusion is obtained from the combustion of oxygen and one of several gases such as acetylene, methyl-acetylene-propadiene, propane, or hydrogen). These definitions excluded the fumes generated from the base metal or base metal covering (such as paint, varnish, and putty), as these were coded separately (e.g., chromium fumes, nickel fumes, iron fumes, plastic pyrolysis fumes, and so on).
Standardization of the exposure assessment methodology was endorsed through yearly workshops and exercises. All assessors followed the same manual for exposure assessment. The reliability of the experts' assessments was evaluated through an interteam agreement study (10) . For welding fumes, the experts performed reliably (kappa for agreement between experts ¼ 0.9), likely because of detailed weldingrelated questions in the questionnaire. For the weldingrelated exposures in this study, agreement between experts was considerably lower (e.g., kappa ¼ 0.3 for both chromium fumes and asbestos).
Statistical analyses
Only male cases and controls were included in the analyses because of the low prevalence of exposure to welding fumes among women. Associations were studied through unconditional logistic regression adjusting for age, center (n ¼ 17), tobacco use (continuous variable for cumulative lifetime tobacco use), and education (categorical variable for age when completing full-time education: <17, 17-18, 19-23, >23). Further adjustment for other agents was made through adding dichotomous variables of lifetime occupational exposure to asbestos, silica, plastics pyrolysis fumes, and ionizing radiation. Adjustment for metal exposure was done in 2 steps: 1) for exposure to chromium, nickel, cadmium, and arsenic, which occurred in the subject's work history unrelated to the welding fume exposure; and 2) for exposure to chromium, nickel, and cadmium that occurred in combination with welding fumes (welding-related exposures).
Lifetime exposure to welding fumes was expressed as 1) ''duration'' (total number of years worked in an occupation with exposure to welding fumes); 2) ''weighted duration'' (total number of hours exposed, i.e., the total duration in years with each year counting for 2,000 working hours, multiplied by the assessed frequency of exposure with 0.03 for low frequency, 0.175 for medium frequency, and 0.65 for high frequency); and 3) ''cumulative exposure'' (total number of hours exposed, multiplied by the intensity level assessed for each exposed year with low, medium, and high intensity levels receiving weights of 1, 6, and 20) . Categorical variables of cumulative exposure were based on tertiles of the exposure distribution in the exposed controls, and subjects never exposed to the agent were used as the referent. Linear trend was studied by fitting the categorical variable as a continuous variable in the model. Interaction between risk factors and heterogeneity of the risk estimates among countries were studied by using the likelihood-ratio test comparing models with and without an interaction term. Population-attributable fractions were based on maximum likelihood estimators with standard errors based on asymptotic approximations (11) . All analyses were performed using SAS (12) and Stata (13) statistical software.
RESULTS
The characteristics of the study population are given in Table 1 . Table 2 lists the prevalence of welding-related variables in cases and controls. Occupation as welder/ flame cutter (based on job titles in the lifetime work history) was reported by 5.4% of cases and 3.7% of controls, while occupational exposure to welding fumes (based on expert assessment) had occurred in 26.5% of cases and 22.8% of controls. Exposure to welding fumes was most common in occupational group 87 (plumbers, welders, sheet-metal and structural metal preparers and erectors), but it was also common in the range of other occupational groups listed in Table 2 (e.g., machinery fitters, electrical fitters, construction workers). Of all controls exposed to welding fumes, 47% were exposed to both arc and gas welding fumes during their lifetime work history, 38% were exposed to only arc welding fumes, and 14% were exposed to only gas welding fumes. Of all controls exposed to welding fumes, 49% were also exposed to asbestos and/or chromium during their lifetime work history (as can be deducted from Table 2 ).
After adjustment for age, center, education, and smoking, an odds ratio of 1.19 (95% confidence interval (CI): 1.02, 1.39) was observed for those ever exposed to welding fumes (Table 3) . Occupation as a welder/flame cutter was associated with an odds ratio of 1.37 (95% CI: 1.01, 1.87). Adjustment for asbestos and silica exposure had little effect on the risk estimates, indicating minimal confounding from these sources. Subjects exposed to welding fumes were slightly more likely to have been exposed to metals during other jobs (jobs not exposed to welding fumes), although adjustment for this did not appreciably alter the risk estimates (Table 3, model 5) .
Subsequently, models were adjusted for exposure to metals occurring as a result of welding (welding-related exposures). Adjustment for chromium reduced the risk estimate for welding fumes by 40% to 1.11 (95% CI: 0.93, 1.32) (Table 3, model 6). Adjustment for welding-related nickel and cadmium did not appreciably change this odds ratio (models 7 and 8), nor did adjustment for ionizing radiation (e.g., from using x-rays to check welds) and plastics pyrolysis fumes (from welding painted surfaces) (results not shown).
There was no significant heterogeneity between countries in the risk estimate related to exposure to welding fumes (P (likelihood ratio test) ¼ 0.65) or in the risk estimate related to ever worked as a welder/flame-cutter (P (likelihood ratio test) ¼ 0.24). No significant interaction with exposure to welding fumes was observed for smoking (P (likelihood ratio test) ¼ 0.54), other chromium exposure (P (likelihood ratio test) ¼ 0.47), and silica exposure (P (likelihood ratio test) ¼ 0.78). Significant interaction was observed between asbestos and exposure to welding fumes (P (likelihood ratio test) ¼ 0.03) with a reduced odds ratio for the interaction term: Welding fumes with asbestos exposure was associated with a reduced risk (odds ratio (OR) ¼ 0.63, 95% CI: 0.43, 0.93), while welding fumes without asbestos exposure was associated with an increased risk (OR ¼ 1.23, 95% CI: 1.03, 1.48). Asbestos exposure without welding fumes was associated with a 30% increased lung cancer risk (OR ¼ 1.30, 95% CI: 0.99, 1.71). Of the 4 controls and 6 cases reported to have been diagnosed with asbestosis, none had been exposed to welding fumes. Exposure-response relations for welding fumes are presented in Table 4 . Years of exposure to welding fumes resulted in the steepest dose-response relation (P ¼ 0.01), with the highest risk in those with more than 25 years of exposure to welding fumes (OR ¼ 1.38, 95% CI: 1.09, 1.75). Total lifetime hours exposed to welding fumes also showed a gradual increase in lung cancer risk, with the highest risk observed for those with more than 7,000 hours of welding (OR ¼ 1.31, 95% CI: 1.04, 1.65). Cumulative exposure to welding fumes showed a less consistent dose-response association. Adjustment for welding-related chromium exposure resulted in lower risk estimates (Table 4) , but a duration-response association remained.
The duration-response association was studied separately for welding fume exposure with and without chromium exposure (Table 5 ). Welders without welding-related chromium exposure had a lower lung cancer risk (OR ¼ 1.14, 95% CI: 0.95, 1.36) compared with welders with chromium exposure (OR ¼ 1.34, 95% CI: 1.04, 1.71). An association with duration of exposure to welding fumes was observed for the welders without chromium exposure, again with the most pronounced effect observed for those with more than 25 years of exposure (OR ¼ 1.48, 95% CI: 1.11, 1.97). The risk for welding with chromium exposure was elevated for all duration strata, with no apparent duration-response association.
About half of all welders were exposed to both gas and arc welding fumes (Table 6) , one third were exposed to arc welding fumes only, and 14% were exposed to gas welding fumes only. The lung cancer risk related to exposure to ''gas welding fumes only'' was elevated (OR ¼ 1.31, 95% CI: 0.93, 1.85), while no increase in risk was observed for ''arc welding fumes only'' (OR ¼ 1.05, 95% CI: 0.82, 1.33), although this difference was not statistically significant (P (likelihood ratio test) ¼ 0.45). The risk for combined arc and gas welding fumes was intermediate (OR ¼ 1.22, 95% CI: 0.99, 1.50). Differences in the odds ratio between arc and gas welding remained after adjustment for welding-related chromium exposure (Table 6 ). For all 3 groups, the highest risk was observed for those with more than 25 years of exposure.
The proportion of lung cancers in our study population attributable to exposure to welding fumes (i.e., populationattributable fraction (PAF)), based on Table 3 , model 3, was 4.0% (95% CI: 0.1, 7.8). For comparison, the PAF for ever smoking was 84% among men and 62% among women in this population. The PAF for welding fumes is considerably lower if based only on exposure to welding fumes that occurs in an occupation designated as welder/flame cutter (PAF ¼ 1.4%, 95% CI: 0.4, 3.2) based on Table 3 , model 3. For welding fumes with chromium, the PAF of 2.2% (95% CI: 0.1, 4.3), based on an odds ratio ¼ 1.34 (Table 5) , appeared to be similar to the PAF of 2.1% (95% CI: 1.1, 5.3) for welding fumes without chromium, on the basis of an odds ratio ¼ 1.14 ( Table 5) .
DISCUSSION
In this large multicenter study, occupation as a welder/flame cutter was associated with a 36% increase in lung cancer risk, with no apparent heterogeneity between countries. This finding is in agreement with many other studies reporting a 25%-40% increase in the odds ratio for lung cancer for welders. Despite the consistency in findings (1-3, 14) , there has been much debate as to whether the excess lung cancer risk in welders can be attributed to exposure to welding fumes. In 1990, an International Agency for Research on Cancer Working Group deemed evidence in humans limited (15) and evaluated welding fumes to be possibly carcinogenic to humans (group 2B). In this study, we have focused on the different aspects of uncertainty around the association between welding fumes and lung cancer.
Welders have been found to smoke more than the general population (16) . Moulin (3) estimated that this could account for 20% of the excess lung cancer risk in the cohort studies Abbreviations: CI, confidence interval; OR, odds ratio. a Chromium, nickel, cadmium, and arsenic in jobs not exposed to welding fumes. Abbreviations: CI, confidence interval; OR, odds ratio. a Models adjusted for age, center, education, smoking, and asbestos, as well as silica and chromium exposures other than welding related.
b Adjustment as in footnote a but also adjusted for welding-related chromium exposure.
in his meta-analysis. In our study, smoking also accounted for 20% of the lung cancer risk related to occupation as a welder/flame cutter (adjustment for smoking attenuated the odds ratio by 20% in Table 3 ) but did not affect the risk estimate for welding fumes (adjustment for smoking did not attenuate the odds ratio in Table 3 ). Further, smoking did not appear to be an effect modifier in the association between welding fumes and lung cancer, although we could not calculate the risk associated with welding fumes in never smokers, because of the very low number of never smokers in this male study population. Several cohort studies in shipyard welders have reported mesothelioma cases (2, 17, 18) , indicative of significant asbestos exposure in this occupational setting. Only a few studies could adjust for asbestos (19) (20) (21) (22) (23) (24) , which in general resulted in a reduction of the risk estimate that nonetheless remained elevated. In our study, adjustment for asbestos had little effect on the odds ratio for welding fumes. We cannot exclude the possibility that misclassification in asbestos exposure has resulted in residual confounding by asbestos, considering that we found that agreement between experts in asbestos exposure was low (10) . It is, however, unlikely that the duration-response association we found for welding fumes is caused by residual confounding by asbestos. We also found a significant interaction between welding fumes and asbestos exposure with a reduced odds ratio for the interaction term, which could indicate that the asbestos exposure in welders was lower than for other asbestos-exposed workers. The absence of any asbestosis cases in the welding fumes exposed is in line with this assumption. In addition, we found an increased odds ratio for exposure to welding fumes without asbestos, providing another indication that the overall increased risks associated with exposure to welding fumes are not likely due to residual confounding by asbestos. We found an increasing lung cancer risk for longer duration of exposure to welding fumes, while our cumulative dose estimate did not show a dose-response association. This could be due to the difficulty in assessing the level of exposure to welding fumes on the basis of questionnaire information, illustrating the limitations of expert assessment. Many previous studies in welders failed to show a durationresponse association (4, (24) (25) (26) (27) (28) (29) (30) , including the large European cohort (2) . The authors hypothesized that between-plant and within-plant variability, as well as exposure in jobs not accounted for in the study, could have diluted the dose-response relation. In our study, all centers used the same methodology to ensure that associations were not diluted by betweencenter variability. Information on the complete occupational history was collected, enabling adjustment for exposures occurring in jobs other than welding. Of the cohorts that did observe a dose-response association (25, 31, 32) , a study of French welders (32) found that lung cancer mortality ratios increased with duration of exposure in mild steel welders while not for stainless steel welders. This is in agreement with our study that showed increased risk by longer duration of mild steel welding, but not for stainless steel welding, suggesting that chromium exposure may mask the durationresponse association for welding fumes. Overall, the findings of studies that did observe an association with duration are in agreement with our results that showed increased lung cancer risks for exposure to welding fumes prolonged for more than 25 years.
It has been suggested that lung cancer risk for welders is due to chromium and nickel exposure (33) . One argument in favor was the lack of association in the first analysis of the American mild steel welders cohort (34) . However, a later update of the same cohort (4) found an elevated lung cancer risk for these welders. Large international studies also provide evidence that lung cancer risk is elevated in mild steel welders (2, 3) . Our study shows a duration-response association for welders never exposed to chromium. We do expect some misclassification in chromium exposure, as we observed low agreement for chromium exposure between experts (kappa ¼ 0.3) (10). However, this is unlikely to explain the duration-response association observed. Because mild steel welding is very common (in our study, 70% of all workers exposed to welding fumes were never exposed to welding-related chromium), any increased lung cancer risk associated with mild steel welding has major implications for the importance of welding fumes as a potential lung carcinogen (15) . This is illustrated by the PAFs for mild steel and stainless steel welding, each accounting for about 2% of the total PAF of 4.0%. It should be noted that this PAF was based on a male-only study population, set in highly industrialized areas of Central and Eastern Europe and the United Kingdom, resulting in a relatively high lifetime exposure prevalence for welding fumes.
We found an elevated lung cancer risk associated with gas welding fumes, while such an association was absent for those exposed solely to arc welding fumes. A German casecontrol study (23) also found the highest risk for oxyacetylene welding for more than 6,000 hours, while risks were not elevated for manual metal arc welding, spot welding, or flame cutting. We considered several explanations for the apparently higher risk for gas welding compared with arc welding. Gas welding may produce more carbon monoxide, carbon dioxide, and polycyclic aromatic hydrocarbons compared with arc welding (35) . Carbon dioxide and unburned acetylene may act as asphyxiants, resulting in increased respiration and a higher internal dose of airborne carcinogens. Differences in working practices may contribute, as arc welding requires special training with accreditation in most countries, which is not required for gas welding. Gas welders are also likely to do gas cutting, which has been reported to produce higher exposure levels than welding (36) . The role of these factors in the association between exposure to welding fumes and lung cancer is not known and warrants further study.
In summary, our results indicate that exposure to welding fumes in the workplace accounts for 4% of lung cancers among men in this population. The increased lung cancer risk was not due to confounding by smoking or asbestos exposure. An elevated lung cancer risk was observed for welders with and without chromium exposure and was most pronounced after 25 years of exposure to welding fumes. Considering that between 1 and 2 million workers worldwide perform welding as part of their work duties (37), long-term exposure to welding fumes needs to be considered an important risk factor for lung cancer.
